In this paper we describe an experimental technique developed to measure the deformation gradients and temperature in a single hot rolling pass of an AA3004 sample that was fitted with an insert. The insert had been previously hand engraved with a 1 x 1 mm grid pitch, and the analysis of the data digitally captured from the image of the deformed grid enabled the calculation of the components of the deformation gradient tensor. Four steel pins prevented relative motion between the insert and the rest of the sample. No detachment was observed between insert and sample after rolling. The temperature was measured during rolling using two embedded thermocouples, one close to the surface and the other in the centerline. The commercial finite element code ABAQUS was used to create a three-dimensional model of the rolling process. The recorded temperature was compared to the numerical values evaluated after tuning the heat transfer coefficient. The shape of the grid after rolling was checked against the deformed mesh using different friction coefficients in order to obtain the optimum match.The unusually large length of the insert enabled the rolling process to be stopped halfway so that a picture of the roll-gap area could be obtained. This provided a partially deformed grid that represented the transient state during rolling. The experimentally determined deformation gradient in this area as well as in the steady-state area agreed well with the finite element predictions.
Introduction
Accurate prediction of the development and distribution of the deformation of hot worked metals such as aluminum alloys is of considerable importance to the metal industry. Amongst other things, this is due to the fact that plastic deformation in the early stages of aluminum rolling is significantly heterogeneous. This usually results in considerable microstructural differences through the thickness of the rolled material. This heterogeneity of deformation also leads to the development of different deformation textures between the surface and the center of the slab.1 Contemporary models for the prediction of such deformation texture require, as input, values for the components of the deformation gradient c. Boldetti (c.boldetti@shefac.uk ) is a PhD Student, C. Pinna is a Doctor, LC. Howard is a Professor and G. Gutierrez is a Visiting Student, IMM-PETUS, Department of Mechanical Engineering, UniversiO" of Sheffield, Mappin Street, Sheffield $1 3JD, Sheffield, UK. Original manuscript submitted: December 13, 2004 . Final manuscript received: July 27, 2005 DOI: 10.1177/0014485105059550 tensor, 2 which not only include the strain but also the rotation of a material element as it moves through the roll gap. The deformation gradient tensor invariably comes from finite element (FE) models of the forming process under investigation. The output of such models is sensitive to variations in a large range of input variables and relationships, particularly, in metal forming, those associated with the details of load, friction, and heat transfer across the contacting interfaces between the tools and work-piece.
The issues discussed above provide a specific and direct technological need for independent validation of the techniques of obtaining deformation gradients from FE models of forming processes. More generally, the patterns of deformation during metal rolling are fundamentally important to almost all consideration of what is happening to the material and its microstructure. As noted above, FE (or other numerical) models are sensitive to the parameters controlling friction and heat transfer between tool and work-piece, and require experimental validation. There have been several attempts at this in the past, with varying degrees of success. Previous publications, few in number, have shown different attempts to validate the numerical models through temperature measurements and rolling loads. 3-5 The evaluation of the temperature is important to give an idea of the heat transfer coefficient and the microstructural changes, but does not help define the deformation gradient, while the measurement of the rolling load is a general indication and does not account for the local values of the strain through the thickness of the slab.
Timothy et al. 5 used an engraved insert on a sample of a 5083 aluminum alloy and built a two-dimensional FE model with a rather coarse mesh for the stock whereas the roll was not meshed. More sophisticated FE models have been attempted in the past, 6-8 focusing on the modeling of friction, heat transfer coefficient, and microstructural issues. However, these FE models are often validated by means of variables that do not consider the strain or the deformation gradients through the thickness. The temperature, the rolling load, or the speed of the stock are measured and compared with the numerical data, giving a general idea of the reliability of the model but little insight into the accuracy of the strain values calculated through the thickness of the slab.
Wells et al. 9 worked on the same 5083 alloy and made use of a grid on the edge of the sample. Li et al. l~ used digital image correlation methods to measure the velocity field on the edge of the slab during cold rolling. However, a measurement of the deformation in the center plane of the specimen rather than on the edge is more significant since the deformation conditions at this location are closer to the plane strain conditions commonly assumed in rolling models of flat products. Even when an insert is used, with the gridded face lying on the center plane of the specimen, the work-piece containing the insert has to be wide enough to ensure plane strain conditions on that plane. It is also important that the insert does not detach from the specimen, because in that case the deformed grid would not be representative of the deformation of a more standard specimen without insert. In steel samples the insert can be welded to the sample but some difficulties occur with aluminum due to the poor strength of the weld: 11 a mechanical solution has to be used to ensure continuous contact between insert and sample at high temperatures and high reduction ratios. In this work, steel pins were used to achieve continuity between insert and specimen and avoid detachment between them.
The embedded pin technique has also been used in many research projects s,12 to measure the through-thickness deformation, but it presents some disadvantages, such as the detachment between pin and material and the limited area where the deformation can be observed.
The work described below was to measure in detail both the temperature and the deformation gradient in samples of a commercial aluminum alloy rolled in a laboratory mill under conditions that represented, as far as the constraints of the laboratory mill allowed, the last pass of breakdown rolling in an industrial process. A grid technique was used to measure the deformation gradient, and the commercial FE code ABAQUS/Standard ver. 6.4, enhanced with user-developed subroutines, was employed to model the rolling process.
Experimental Work
The experiments were performed on a 50-ton rolling mill with 68 mm diameter steel rollers and a furnace in close proximity. Four identical samples were machined (Fig. 1) . Two of them were completely rolled, giving similar results and one of them was only partially rolled by stopping the rollers. One sample could not be used as it was heavily bent after sticking to one of the rollers. Each specimen was 210 mm long, 60 mm wide, and 20 mm thick. The large width of the sample ensured plane strain conditions on the center plane, where the gridded face of the insert is located. The samples were centrally slotted in order to embed the insert which had been previously engraved with a regular grid with a pitch of t • 1 mm. A height gage equipped with a carbide tipped scriber was used to engrave the grid, whose depth, measured with a mechanical profilorneter, was about 50 Ixm on average.
The insert chosen for the experiments was long enough to allow the rolling to stop halfway and to study not only the state at output but also the roll-gap area and therefore the deformation gradients in the transition state. The back of the specimen (left-hand end of the specimen in Fig. 1) was machined in such a way as to make it easier for the operator to remove it from the furnace with tongs and quickly present it to the mill in order to avoid significant temperature drop due to air cooling. The front of the sample (fight-hand end of the specimen in Fig. 1) was cut with an angle of about 20 ~ to help the rolls drag the sample in the initial phase of the rolling.
Two type-K thermocouples with a diameter of 1.6 mm were fitted in two holes, one in the centerline, the other 3 mrn under the surface. The thermocouples were put in place and secured by punching the immediate surrounding of the holes on the side of the sample; this operation is important to avoid any loss of contact between the head of the thermocouple and the material during the high deformation due to rolling.
In order to avoid relative motion between sample and insert, the latter was secured against the sample by four throughwidth steel pins (Fig. 1) .
The aluminum alloy chosen for this work (Table 1) is a commercial alloy mostly used for the body of beverage cans and storage tanks, and it is produced through a complex rolling process.
The temperature was brought up to 400~ and the samples were left in the furnace for 2 h in order to achieve a homogeneous temperature. The temperature was monitored through the thermocouples already in place in the specimen. The samples were rolled in a single 50% reduction pass at 11 revolutions per minute (rpm) and then quenched in water. No lubricant was used in these tests.
One of the samples was only partially rolled by stopping the rolls halfway through the rolling process; this left material "frozen-in" the nip of the mill, with the gridded insert providing a picture of the deformation of the material during its passage through the nip. Coupled with the state of the gridded insert in the completely rolled specimens, this provided a complete picture of the deformation during the rolling experiments.
After being rolled and quenched, the sample was opened up by carefully cutting longitudinally and the insert was extracted. After the tests, no gap was observed between the insert and the specimen (Fig. 2) , confirming the effectiveness of the pins in ensuring close contact under high deformation.
No detachment was observed along the transverse direction. In addition, the face of the sample in contact with the grids was found to have grids in relief showing further evidence of close contact.
Moreover, the specimen after rolling was relatively straight indicating a successful rolling procedure. Figure 3 shows a picture of the grid after rolling. The grid survived the test and the engraved lines can clearly be seen although the width of the lines is significant compared with the pitch.
Deformation Gradient Tensor
The experiments showed that at a scale of the grid pitch, a square in the undeformed state transforms into a trapezium after deformation. Hence the deformation gradient tensor, which contains information about both the deformation and the rotation of the element, appears to be a linear mapping between the initial and final states (Fig. 4) .
V1 and V2 (vl and v2) in Fig. 4 are the two vectors that link the middle of the opposite sides of a given square, in the undeformed (deformed) configuration. They are defined as V1 -~-Ai + Bj V2 = Ci 4-Dj,
(1) 
